(anterograde and retrograde) motor-based intraflagellar transport (IFT) governs cargo transport and delivery processes that are essential for primary cilia growth and maintenance and for hedgehog signaling functions. The IFT dynein-2 motor complex that regulates ciliary retrograde protein transport contains a heavy chain dynein ATPase/motor subunit, DYNC2H1, along with other less well functionally defined subunits. Deficiency of IFT proteins, including DYNC2H1, underlies a spectrum of skeletal ciliopathies. Here, by using exome sequencing and a targeted next-generation sequencing panel, we identified a total of 11 mutations in WDR34 in 9 families with the clinical diagnosis of Jeune syndrome (asphyxiating thoracic dystrophy). WDR34 encodes a WD40 repeat-containing protein orthologous to Chlamydomonas FAP133, a dynein intermediate chain associated with the retrograde intraflagellar transport motor. Three-dimensional protein modeling suggests that the identified mutations all affect residues critical for WDR34 protein-protein interactions. We find that WDR34 concentrates around the centrioles and basal bodies in mammalian cells, also showing axonemal staining. WDR34 coimmunoprecipitates with the dynein-1 light chain DYNLL1 in vitro, and mining of proteomics data suggests that WDR34 could represent a previously unrecognized link between the cytoplasmic dynein-1 and IFT dynein-2 motors. Together, these data show that WDR34 is critical for ciliary functions essential to normal development and survival, most probably as a previously unrecognized component of the mammalian dynein-IFT machinery.
IFT. 3, 4 The IFT dynein-2 motor complex contains an ATPase/motor heavy chain dynein subunit (DYNC2H1) 5 and less well functionally defined subunits. 6, 7 The IFT-A and IFT-B complexes consist of at least 6 and 14 subunits, respectively. 8 Ciliary defects arising from mutations in genes that encode ciliary proteins lead to complex developmental disorders in human and other vertebrates, termed ciliopathies. Human ciliopathies are genetically heterogeneous disorders characterized by variable expression of different disease features and clinical overlap between different disease entities. This is illustrated by the skeletal ciliopathies, which include the short-rib polydactyly syndromes (SRPS I . 9 Skeletal ciliopathies are frequently caused by mutations in intraflagellar transport (IFT) genes and molecular genetics has confirmed that these are at least partially allelic disorders, for example, SRPS III/Verma-Naumoff syndrome (MIM 263510) and JATD, [10] [11] [12] Sensenbrenner syndrome and JATD, 13 and MSS and JATD. 14, 15 Work in animal models such as knockout mice suggests that defective IFT leads to impaired hedgehog signaling, which disturbs chondrogenic and osteogenic cellular proliferation and differentiation, leading to chondrodysplasia phenotypes. 4, 16, 17 This study focused on the chondrodysplasia Jeune syndrome to further explore the role of IFT in skeletal development and disease. JATD is a rare autosomalrecessive disorder with a prevalence estimated at 1 per 100,000-130,000 live births. The predominant skeletal manifestations in affected individuals are shortened limbs and ribs causing a reduced thoracic capacity, with occasional polydactyly and brachydactyly. 9, 18 Although SRPS forms are inevitably lethal perinatally because of cardiorespiratory failure, survival rates are 40%-80% for JATD cases. 7, 19 However, affected individuals who survive may develop extraskeletal ciliopathy features affecting the kidney, eye, or more rarely the liver later in life. 20, 21 Defective rhodopsin transport via the connecting cilium in retinal photoreceptor cells is proposed as the basis for the development of retinal dystrophy. 22 The disease mechanism underlying the renal phenotype, observed in approximately 20% of all JATD cases, 15, 19 has not been determined but might not depend primarily on hedgehog signaling. 23 Mutations in genes encoding components of the IFT system have been implicated as causing JATD. Predominantly skeletal phenotypes are caused by mutations in DYNC2H1 (MIM 603297) 7, 11, 19 encoding the IFT dynein-2 retrograde ATPase/motor heavy chain dynein, 5 accounting for more than a third of cases, and also mutations in IFT80 (MIM 611177) encoding an IFT-B anterograde transport complex component. 16, 24 mutations also appear to be frequently connected to retinal phenotypes. 14, 15 In addition, we have described mutations in both JATD and SRPS individuals in WDR60, which encodes a WD40 domain-containing protein that has recently been implicated in IFT in Chlamydomonas reinhardtii and planaria. 12, 26 We performed whole-exome sequencing (WES) on 61 unrelated individuals with a primary diagnosis of Jeune syndrome based on classical clinical and radiological findings, mainly short ribs with small/narrow thorax and small ilia with acetabular spurs, by using 3-5 mg of genomic DNA and Agilent V2 or Truseq whole-exome kits as previously described. 7, 12, 15, 27 28 Realignment around known indels from the 1000 Genomes Pilot study 29 and recalibration of base quality scores was performed with GATK 1.1.5. 30 Variant calling and independent filtering were performed with SAMtools mpileup v.0.1.17 31 and GATK UnifiedGenotyper v.1.3.31, 32 merging these callsets. Exome variant profiles were filtered to remove all variants occurring in dbSNP132, the 1000 Genomes, and NHLBI Exome project with a minor allele frequency >0.5% for UCL samples as described 7, 12, 15, 27 by means of EVAR software tool v.0.2.2 beta, and a quality score equivalent to a base error rate <0.1%. From the remaining variants, those affecting protein coding regions (nonsynonymous changes and indels) and known splice sites up to 15 base pairs away from the exon-intron boundary were then filtered against an in-house exome database to remove variants occurring with a frequency of >0.5%. Remaining biallelic variants were prioritized according to their presence in cilia proteome databases and mutation type. Coverage of the genes known to cause JATD when deficient was manually analyzed with Integrated Genome Viewer (IGV), and copy-number variants were also analyzed with the ExomeDepth program. 33 WES of the Australian samples, quality control, and filtering against previously reported variants followed a very similar protocol 12 with exclusion of previously reported variants from both external and internal databases with minor allele frequency (MAF) >0.1%; further filtering was performed according to the observed Mendelian inheritance pattern, functional annotation, genomic conservation, and presence in the cilia proteome databases. The clinical details of all 14 individuals from the total of 9 JATD families harboring biallelic WDR34 mutations are summarized in Table 1 , and representative examples of their JATD phenotypes are shown in Figure 1 . Although most individuals did not survive past the neonatal period because of a severe respiratory phenotype, and therefore we cannot predict whether they would have developed renal, hepatic, or retinal involvement later in the disease course, individual UCL-123.1 is currently 8 years of age and has been diagnosed with rod-cone dystrophy, indicating that mutations in WDR34 may lead to retinal degeneration. A total of 11 different WDR34 variants were found in these families (Table 2 ) and were validated and confirmed to segregate appropriately within families by Sanger sequencing ( Figure S1 available online) where DNA of other family members was available. The variants comprised eight predicted missense changes, one frameshift, one nonsense, and one essential donor splice site mutation. Prediction of the functional effects of these mutations was performed with PolyPhen-2 and Mutation Taster (Table 2 ). Most variants were predicted to be damaging and deleterious to protein function by these programs, respectively, but the homozygous c.616C>T (p.Arg206Cys) variant (rs148543026, MAF 0.123% in the NHLBI EVS control exome database) detected in both affected individuals from UCL family 120 was predicted to be benign by both programs, although it results in a substitution at the start of the first WD40 domain of WDR34 ( Figure 2A ). In keeping with previous reports that Jeune syndrome cases are presumed hypomorphs, 7, 15 no affected individuals were found to carry two predicted null alleles. The six homozygous variants were restricted to consanguineous unions and probands from an ethnic minority. Ten variants were private, and one missense change (c.1177G>A [p.Gly393Ser]) was shared between two families of Turkish origin. This variant was confirmed to be absent from 100 Turkish control chromosomes and thus is unlikely to be a polymorphism. A homozygous missense variant identified in one consanguineous family, UCL-101 (c.65C>T [p.Ala22Val]), occurs with a MAF of 0.6% in NHLBI EVS and is therefore unlikely to be deleterious to protein function by itself. We also identified a homozygous missense variant in this family in DYNC2H1 reported in NHLBI EVS with a similar WDR34 is a predicted multiple WD40 domain-containing protein and six of the eight putative missense substitutions identified occur within its WD40-repeat domains, although the other two, p.Ala22Val and p.Cys148Phe, are in regions without domain prediction (Figure 2A) . The predicted effect of the putative mutations on WDR34 protein structure was modeled by I-TASSER, 35 which showed that the ''faces'' of the five WD40 domains form a beta propeller site for protein-protein interactions ( Figure 2B ). 3D-protein modeling predicts that four missense substitutions (p.Pro390Leu, p.Gly393Ser, p.Ser410Ile, and Leu436Arg) are located in close proximity on the molecular surface of one of the beta propeller faces, suggesting a possible role in protein-protein interaction ( Figures 2B and 2C) . The missense substitutions
, and UCL120.1 (T-W) presented with a protruding abdomen and narrow thorax (A, E, H, L, O, T), short horizontal ribs (B, C, F, I, J, M, P, Q, V), and acetabular spurs (as indicated by arrows) (D, G, K, N, R, W). Handlebar clavicles were also observed (C, F, J, M, V). Fetuses UCL104.1 (E) and SKDP78.3 (P) also showed severely shortened femora. SKDP78.3 additionally presented with a foot malposition after birth (S). Individual UCL120.1 presented with a narrow thorax and short ribs at birth (T, V), with indications of improvement with age (U, at 6.5 years of age).
p.Ala22Val, p.Cys148Phe, p.Arg206Cys, and p.Arg447Trp are close by within the 3D structure ( Figures 2B and 2D) , and all missense substitutions occur in this central portion of WDR34, close to or at the surface of the protein ( Figures  2C and 2D) . Furthermore, the missense substitutions affect highly conserved residues, the only exception being p.Arg206Cys, which is not well conserved ( Figure S2 ). WDR34 has previously been described to inhibit the NF-kB pathway component TAK1 in cell culture. 36 Its function during mammalian development has not been investigated, but in zebrafish, knockdown of the wdr34 homolog dync2i1 leads to a typical ciliopathy phenotype. 37 Furthermore, WDR34 is the human homolog of
Chlamydomonas reinhardtii FAP133, an intermediate dynein chain that forms part of the retrograde IFT-dynein complex. 6 We proceeded to investigate whether it is similarly part of the IFT dynein-2 complex in mammals, because this has not previously been determined. We first studied its behavior in murine cells (mouse embryonic fibroblasts, ATDC5 chondrocyte precursor cells, and inner medullary collecting duct [IMCD3] cells), in addition to normal human fibroblasts (Life Technologies, Sigma). These were all cultured under standard conditions at 37 C and 5% CO 2 in DMEM-F12 Glutamax medium (Life Technologies, Invitrogen) with 10% fetal bovine serum FBS (Life Technologies, Invitrogen), followed by a 24 hr period of serum starvation (0.2% FBS) to induce ciliogenesis. High-resolution immunofluorescence analysis of WDR34 costained for markers of the axoneme (acetylated tubulin) or basal bodies/centrioles (gamma tubulin or pericentrin) revealed prominent staining of WDR34 around the basal bodies in ciliated human fibroblasts ( Figure 3A) , with occasional axonemal staining ( Figure 3B ). In non-serum-starved mouse embryonic fibroblasts ( Figure 3C ) and IMCD3 cells ( Figure S3 ), WDR34 colocalized with the centrioles, and its staining also extended around the centrioles in a punctate vesicular pattern as shown by costaining with gamma tubulin during different cell cycle stages ( Figure S3 ). In ciliated IMCD3 cells, WDR34 was localized to both centrioles, often in an asymmetric pattern with more intense staining around one centriole ( Figure S3 ). In some cells, especially human fibroblasts, WDR34 staining was additionally observed at the nuclear membrane ( Figure 3D pattern described above, with no observed colocalization around the basal body marker pericentrin ( Figure S4 ). In addition, we were able to detect recombinant protein by immunoblotting ( Figure S5 ), although this antibody was not capable of detecting specific bands of the predicted size for endogenous WDR34 in cell lysates (data not shown).
Because most of the individuals carrying mutations in WDR34 did not survive past infancy and no samples were available for further functional analysis, we generated stable murine chondrocyte precursor (ATDC5) Wdr34 knockdown cell lines by using lentiviral-based shRNAs. We produced four lentiviruses expressing different shRNAs directed against Wdr34, in addition to a control nonsilencing shRNA, by using the OpenBiosystems pGIPZ mouse shRNA library: Wdr34shRNA1: V2LMM_104963, pGIPZ RMM4431-98763533; Wdr34shRNA2: V2LMM_74890, pGIPZ RMM4431-98973537; Wdr34shRNA3: V3LMM_423739, pGIPZ RMM4431-101258631; Wdr34shRNA4: V3LMM_423740, pGIPZ RMM4431-101266083; control shRNA (nonsilencing), pGIPZ RHS4480. Murine chondrocyte precursor cells (ATDC5) were transduced with the lentiviral particles according to the manufacturer's protocol at an MOI of 5 with an equivalent transduction efficiency controlled for by GFP expression from the shRNA plasmids. Stably transduced lines were generated after 3 weeks of 3 mg/ml puromycin selection. Consistent with the WDR34 staining pattern observed in other cell types, the staining in ATDC5 cells was concentrated around the basal body area. In two cell lines created with two of the four independent Wdr34 shRNAs (Wdr34shRNA1 and Wdr34shRNA4), a 70%-80% level of Wdr34 transcript knockdown was achieved, as verified by real-time PCR (Figure S6A ). Highresolution immunofluorescence analysis with the WDR34 antibody also revealed an apparent reduction in staining in these two cell lines, with a specific decrease in the peribasal staining ( Figures S6B-S6E) .
In contrast to the staining pattern we observed for endogenous human and mouse WDR34 ( Figures 3A-3C ), overexpression of turboGFP (tGFP)-tagged human WDR34 in IMCD3 cells, followed by detection with an anti-tGFP antibody, resulted in a mainly axonemal and faint nuclear staining in low-expressing cells ( Figure 3E) , with ubiquitous staining of the entire cell seen in highexpressing cells (data not shown). In contrast to this GFP antibody, the WDR34 antibody was not able to detect axonemal GFP-WDR34 in low-level overexpressing cells but detected the overexpressed protein in the highly expressing cells (data not shown), indicating that the lack of axonemal staining observed with this antibody might reflect an antibody sensitivity issue. Alternatively, it is possible that the epitope recognized by this antibody is masked in the axonemal pool of WDR34, as has been proposed for other ciliary proteins. 38 However, because axonemal proteins are dynamically organized, it is also possible that the axonemal localization of endogenous WDR34 might depend on specific stimuli or activation processes. For example, Smoothened, an integral component of the hedgehog pathway, can normally be detected in the cilium only after activation of Hh signaling with the chemical agonist SAG or Hh-conditioned medium, but overexpression leads to axonemal localization regardless of activation of the pathway. 39, 40 We did not detect significant amounts of overexpressed GFP-tagged WDR34 at the ciliary base or around the centrioles, potentially suggesting that the peribasal body localization might be hampered by the GFP tag. The localization of WDR34 around the ciliary base, as well as around centrioles and spindle poles in dividing cells, parallels the mainly peribasal body localization of its Chlamydomonas homolog FAP133, with only small amounts of FAP133 detected within the axonemal flagella fraction. 6 It is known that ciliary targeting of Chlamydomo- Cys3448Pro] affecting the 5th AAA domain). We were not able to detect any differences in WDR34 localization in any of the DYNC2H1-deficient cells compared to human control fibroblasts ( Figure S7 ). These data do not prove that DYNC2H1 is dispensable for WDR34 targeting to the base of the cilium, because it could be that the particular DYNC2H1 mutations in these three individuals may not specifically affect interactions with WDR34, in contrast to the Chlamydomonas FAP133-null mutation, possibly reflecting their presumed hypomorphic nature. Furthermore, because we are not able to detect significant amounts of endogenous axonemal WDR34 with the commercial antibody used, it remains unclear whether axonemal localization of WDR34 might be affected in these DYNC2H1-deficient cells.
Reduced cilia number and/or length has previously been reported in ciliary chondrodysplasias such as SRPS, 12, 13, 41 but we found that the proportion of ciliated cells and cilia length were not significantly affected in any of the Wdr34-knockdown ATDC5 lines we generated, including lines 1 and 4 that had 70%-80% reduced Wdr34 expression (Figures S8A-S8D ). Staining for mitotic cells with a phosphorylated-histone H3 (PH3) marker of cell proliferation was also unchanged (Figures S8E-S8H) . These results suggest that at the achieved level of knockdown, WDR34 is not sufficient to result in a ciliogenesis defect, similarly to results reporting no loss or malformation of cilia in the Ift80-deficient hypomorphic Jeune syndrome mouse model where it is considered that a low level of Ift80 expression allows ciliogenesis but does not rescue hedgehog signaling defects. 16 Figure S9A ), as well as interactions between the human dynein proteins and WDR34 in first vertex degree with nodes and edges colored to highlight WDR34 (green), DYNLL1 (red), the other dynein proteins (orange), as well as the putative association between WDR34 and DYNC2H1 (blue) ( Figure S9B ). To provide further experimental evidence for an interaction between WDR34 and DYNLL1 in mammalian cells, we overexpressed both GFP-WDR34 and pEF-Flag-DYNLL1 45 in HEK293T cells, immunoprecipitated with a FLAG antibody and immunoblotted with either GFP or FLAG antibodies to detect WDR34 or DYNLL1, respectively. This revealed coimmunoprecipitation of DYNLL1 and WDR34 ( Figure 3F ), confirming that both proteins are part of the same mammalian protein complex in vitro. These results are in agreement with previous studies on Chlamydomonas flagella proteins, showing that the WDR34/FAP133 associates with DYNLL1/LC8. 6 This interaction data combined with the network described above support the proposed role of WDR34 in the IFT dynein-2 complex, in addition to potentially linking WDR34 to components of the cytoplasmic dynein-1 complex, via DYNLL1. Interestingly, another WD repeatcontaining Chlamydomonas flagellar protein, FAP163, the homolog of WDR60, 12 is a dynein intermediate chain required for retrograde intraflagellar transport that is closely related to FAP133. 26 The staining pattern we detected here for WDR34 is similar to that reported for WDR60, and it is possible that WDR34 and WDR60 belong to the same protein complex; however, accurate characterization of the spatiotemporal organization of such a complex remains to be determined. The WDR34 staining observed at the nuclear membrane in some cells ( Figure 3D ) potentially links WDR34 function with the cell cycle because components of the dynein-1 complex are known to play a role in nuclear envelope breakdown during mitosis. 46 Although DYNLL1 is thought to be associated with both dynein-1 and dynein-2 complexes and mutations in the dynein-1 complex component TCTEX1 (MIM 601554) have been shown to result in a ciliary phenotype, 47 to our knowledge no mutation has been previously identified in a gene encoding a component associated with both the dynein-1 and IFT dynein-2 motor complexes. This evidence that WDR34 may have broader roles beyond that as a component of the IFT dynein-2 retrograde motor is consistent with previous work showing that it also acts as inhibitor of TAK1 (MIM 601426), a component of the NF-kB pathway in mammalian cells. 36 TAK1 influences multiple pathways such as TGF-b, p38-MAP-kinase, and IKK, and TGF-b in turn can act as a cilia-independent hedgehog pathway activator by directly activating Gli transcription factors. 48 Therefore, although it seems likely that WDR34 functions within the IFT dynein-2 and/or IFT-A complex to influence IFT-mediated hedgehog signaling, it is also conceivable that WDR34 influences signaling via TGF-b independently of its ciliary role. In summary, here we describe mutations causing Jeune asphyxiating thoracic dystrophy in WDR34, which encodes the homolog of the FAP133 WD40-containing dynein intermediate chain associated with the retrograde intraflagellar transport motor in Chlamydomonas. In this study the mutational survey indicates that mutations in WDR34 may account for up to 10% of all JATD cases, which would make it the second most commonly mutated gene after DYNC2H1 in this disease. 7, 19 Our evidence based on its subcellular localization and protein interactions supports a role for WDR34 as a component of the vertebrate dynein-IFT machinery, potentially as a previously unrecognized subunit of the mammalian IFT dynein-2 complex. We also find that WDR34 might be involved in the dynein-1 complex not commonly associated with human ciliopathies. Together, these findings are important for the clinical genetics setting, in addition to implicating an additional player in the complex IFT machinery, thereby providing a better understanding of the mammalian dynein complexes in broader cilia biology and disease.
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